We present a new image of the 9.0 GHz radio emission from the extended Chandra Deep Field South. A total of 181 hours of integration with the Australia Telescope Compact Array has resulted in a 0.276 square degree image with a median sensitivity of ∼20 µJy/beam rms, for a synthesised beam of 4.0 × 1.3 arcsec. We present a catalogue of the 9.0 GHz radio sources, identifying 70 source components and 55 individual radio galaxies. Source counts derived from this sample are consistent with those reported in the literature. The observed source counts are also generally consistent with the source counts from simulations of the faint radio population. Using the wealth of multiwavelength data available for this region, we classify the faint 9 GHz population and find that 91% are radio loud AGN, 7% are radio quiet AGN and 2% are star forming galaxies. The 9.0 GHz radio sources were matched to 5.5 and 1.4 GHz sources in the literature and we find a significant fraction of flat or inverted spectrum sources, with 36% of the 9 GHz sources having α 9.0GHz 5.5GHz > -0.3 (for S ∝ ν α ). This flat or inverted population is not well reproduced by current simulations of radio source populations.
INTRODUCTION
Radio continuum surveys provide important insights into galaxy evolution and cosmology (Norris 2017) . The brightest radio sources are associated with active galactic nuclei (AGN) activity (e.g. Begelman et al. 1984) . Early radio source counts of the bright radio population provided the first evidence that objects in the universe, in this case quasi-stellar objects or QSOs, evolve cosmologically, as the observed count differed from that expected of a steady-state or static Euclidean universe (Ryle & Clarke 1961; Longair 1966) . At fainter flux density levels a flattening of slope of radio source counts was found (Fomalont et al. 1984; Condon 1984; Windhorst et al. 1985) , and this has been interpreted as the appearance of a new population dominated by starforming galaxies (e.g. Windhorst et al. 1985; Condon 1989; Seymour et al. 2004; Huynh et al. 2005) . A growing number of studies are finding that low luminosity AGN, both radio-loud and radio-quiet, make a significant contribution to the sub-mJy population (e.g. Huynh et al. 2008; Seymour et al. 2008; Smolčić et al. 2008; Padovani et al. 2009 Padovani et al. , 2011  E-mail: Minh.Huynh@csiro.au Bonzini et al. 2013) . A full understanding of the different radio AGN populations, their distribution in radio luminosity, their host galaxies properties and their cosmic evolution, is essential for understanding how galaxies evolve.
The high frequency radio sky (ν 10 GHz) has not been as well studied as the radio population at lower radio wavelengths (e.g. 1.4 GHz). The small field of view of radio telescopes at high frequencies, combined with source intrinsic steep radio spectral energy distributions, means that the time required to survey an area to an equivalent depth at these high frequencies is prohibitive. The Ninth Cambridge (9C) survey at 15 GHz, covering 520 sq deg to a completeness limit of 25 mJy, was the first high-frequency survey to cover a large area of sky (Waldram et al. 2003) . The whole southern sky has been surveyed by the Australia Telescope 20 GHz survey (AT20, Murphy et al. 2010) , which is complete to 100 mJy. Following on from that work, a pilot survey for AT20-deep covers 5 sq deg and is almost complete to 2.5 mJy (Franzen et al. 2014) . The 10C survey at 15.7 GHz covered ten different fields totalling ∼27 sq deg complete to 1 mJy (AMI Consortium et al. 2011a,b) , with deep areas within those fields totalling ∼ 12 sq deg complete to 0.5 mJy. Further 15.7 GHz observations in two 10C fields go a factor of ∼3 deeper, reaching ∼16 and ∼21 µJy rms over approximately 0.6 sq deg (Whittam et al. 2016) .
At the bright end (> 5 mJy), these surveys have found that high frequency source counts are consistent with models of the known radio populations (Waldram et al. 2003; Massardi et al. 2008) . However more recent work, probing fainter populations, is finding that the high frequency radio population models are under-predicting the observed source counts by up to a factor of two at faint flux densities ( 1 mJy) (AMI Consortium et al. 2011b; Whittam et al. 2016 ). This has been interpreted as a population of flat spectrum sources at faint flux densities which have not been accounted for in the models (Whittam et al. 2013 (Whittam et al. , 2016 , and demonstrates that one can not extrapolate from the well-determined results at lower frequency (e.g. 1.4 GHz) to high frequency by assuming a single spectral index. This is because of the changing nature of the sources contributing to the counts at lower frequency versus that at higher frequency, as a function of flux density. Sources in the deeper 1.4 GHz imaging may not be present in the higher frequency observations and a high frequency population which is flat or inverted may be undetected at 1.4 GHz. A flattening of the average spectral index in sub-mJy samples selected at high frequencies (>10 GHz) has been observed (Whittam et al. 2013; Franzen et al. 2014) , and this has been observed also in faint 5 GHz selected samples (Prandoni et al. 2006; Huynh et al. 2015) , but faint radio sources selected at 1.4 GHz or 610 MHz do not appear to exhibit a flattening in their average spectral index (Ibar et al. 2009) . Hence there appears to be a significant population of low-luminosity flat or inverted radio AGN detected in the deepest high frequency observations which don't appear to be in the lower frequency surveys.
In this paper we present 9.0 GHz Australia Telescope Compact Array (ATCA) observations of the extended Chandra Deep Field South (eCDFS) by the Australia Telescope Large Area Survey (ATLAS, Norris et al. 2006) team. The extensive multiwavelength data in the region, from ultradeep Hubble Space Telescope (HST) imaging (Giavalisco et al. 2004; Rix et al. 2004; Koekemoer et al. 2011) , optical spectroscopy (Silverman et al. 2010; Cooper et al. 2012) , to infrared Herschel imaging (Oliver et al. 2012) , made the eCDFS an attractive target for radio observations for studying galaxy evolution. Several epochs of 1.4 and 1.0-2.0 GHz ATCA observations have been performed by our team, reaching 14 µJy/beam rms over 3.6 sq deg incorporating the eCDFS region (Franzen et al. 2015) . The 5.5 GHz observations of the central 30 × 30 arcmin eCDFS were obtained by the ATLAS team in two epochs of observations (2009-2010 and 2012) of the central ∼ 0.25 and source counts and spectral energy distribution (SED) analysis presented in an initial set of papers (Huynh et al. 2012b (Huynh et al. , 2015 , hereafter refereed to as H12 and H15). Higher frequency data were taken simultaneously with the 5.5 GHz data by the ATCA, centered at 9.0 GHz. The deep and relatively wide-area of our 9.0 GHz survey presents an opportunity to study faint high-frequency radio populations. We present our 9.0 GHz observations and the data reduction in Section 2. Section 3 details the source extraction, the 9.0 GHz catalogue and its completeness. The source counts are presented in Section 4. The nature of the faint 9.0 GHz radio population is discussed in Section 5, including the radio-loud AGN vs radio-quiet AGN nature, redshifts, radio luminosities, and source radio spectral energy distributions. Throughout this paper a standard Λ-CDM cosmology is adopted with parameters of Ω M = 0.29, Ω Λ = 0.71, and a Hubble constant of 69.3 km s −1 Mpc −1 . Spectral indices are defined as S ∝ ν α . MHz of bandwidth. The first IF was centred at 5.5 GHz, and those results are described in H12 and H15. The second IF was centred at 9.0 GHz. The eCDFS region was covered with a 42 pointing hexagonal pattern with spacings set at 5 arcmin, to uniformly sample the region in IF1, 5.5 GHz. The total integration time is summarised in Table 1 . The data were reduced using the Multichannel Image Reconstruction, Image Analysis and Display (MIRIAD) software package (Sault et al. 1995) , which is the standard reduction tool for ATCA observations. The 42 individual pointings were reduced in a similar way to the 5.5 GHz data (H15), including the use of multi-frequency synthesis. A robust weighting of 1 was used in the invert imaging step, and the individual images have a cellsize of 0.25 arcsec and size of 2800 × 2800 pixels. This extends beyond the 5% primary beam response level of the lower end of the 9.0 GHz band, to capture the full field of view.
THE OBSERVATIONS AND DATA REDUCTION
Two iterations of self calibration was employed. The first iteration of self calibration used a model determined from 50 mfclean iterations, and the second with the model set by cleaning to 4σ. The final images after the second self calibration step were cleaned to 4σ. The images from the individual pointings were restored with the same beam, the average beam of the 42 pointings, 4.0 × 1.3 arcsec, and then mosaiced together using the task linmos, which applies the primary beam correction. The wideband primary beam correction is performed using the spectral index plane which is produced in the multi-frequency synthesis.
The final mosaic is shown in Figure 1 . Outer regions further than ∼ 3.3 arcmin from the edge pointings, i.e. have 0.5 FWHM primary beam response, were removed to minimise primary beam effects at the edge of the image. The image edge would otherwise have high levels of non-Gaussian noise which would increase the rate of detection of spurious sources by source finders. This final mosaic has an area of 0.276 square degrees.
Image Analysis: Sensitivity and Clean Bias
To examine the noise properties of the final mosaic we ran BANE (Hancock et al. 2018) to produce a rms map. BANE produces an rms map by calculating statistics over a square region of the image, in this case 55 × 55 arcsec or 23 times the geometric mean of the restoring beam, and 14 times the beam in the Dec direction. BANE performs 3 iterations of sigma clipping to avoid contamination from source pixels in the image. The box size chosen for rms calculations must be large enough to avoid bias from real sources yet small enough to reflect local variations in the rms. The box size in this work is consistent with the size recommended by (Huynh et al. 2012a ), 10 to 20 times the beamsize.
The spacing of the pointings was optimised for 5.5 GHz, not 9.0 GHz, however we find the noise varies in the interior of the final mosaic by only ∼20%. At the centre of the pointings the noise is about 17 to 19 µJy, and at the areas of least overlap, the noise increases to roughly 20 to 21 µJy (see Figure 2) . The noise at the edge of the mosaic, where the primary beam response level is 0.5 and there are no overlapping pointings, is ∼40 µJy. The distribution of the pixels in the rms image is shown in Figure 3 . The distribution has a peak of about 20 µJy, consistent with the median of the noise image, which is 20.18 µJy.
Flux can be redistributed on to noise peaks during the cleaning process. This so-called clean bias is generally only a problem for snapshot observations where uv coverage is poor, or when cleaning deeply to a low threshold level (e.g. < 3σ). Similar to our previous work in H15 we performed clean bias simulations to quantify this issue. Point sources were injected into the uv visibility data of three representative pointings at random positions. The chosen pointings were the pointings of lowest and highest time integration, and one with close to the average time integration. The uv visibility data was then imaged using the same cleaning depth as the final images. The injected flux densities were compared to output ones to determine the clean bias. The simulated sources were injected one at a time to avoid overlapping with real sources in the data, and the process repeated 5000 times to obtain good statistics. The median clean bias is negligible for brighter sources (>0.5 mJy) and only 6 to 7% for the faintest sources (∼100 µJy). Clean bias is therefore not a significant issue.
SOURCE EXTRACTION
Following our previous work in H12 and H15, we use the MIRIAD task sfind to detect radio sources in the image. sfind Figure 2 . The noise image produced by BANE. The red crosses mark the 42 pointings of the mosaic. In the interior of the mosaic the noise ranges from ∼17 µJy at the pointing centres to ∼21 µJy in areas furthest from the pointing centres. Figure 3 . The distribution of the pixels of the noise image produced by BANE. The peak is at 20 µJy. There is a tail of pixels at higher noise levels (>25 µJy rms) due to noisy regions around bright sources and the edge of the mosaic which has a lower primary beam response.
implements a false detection rate algorithm (Miller et al. 2001) . This compares the distribution of image pixels to that of a noise-only image to return a list of sources above a false detection threshold. In common source finders (e.g. Aegean, Hancock et al. 2012 Hancock et al. , 2018 ) the user set threshold is a S/N limit, but with sfind the user sets the fraction of sources which are allowed to be false.
As in H12 and H15, sfind was run with 'rmsbox' set to 10 times the synthesised beamwidth (90 pixels) and 'alpha' set to 1. For pure Gaussian noise setting 'alpha' to 1 would return a list of sources which is 99% reliable, however the noise is correlated between pixels for the radio image and there is primary beam variation in the noise. Also, for pure Gaussian noise, this would be equivalent to a threshold setting of about 4.9σ. We find this detection method reliableperforming sfind on the negative image returns no detected sources.
The sfind task returned 72 detected radio source components. Two of these are at the edge of the image with only half the source inside the final mosaic. One of these border sources is a clear bright radio source, but the other is not detected in more sensitive 1.4 GHz VLA Miller et al. (2013) and 5.5 GHz ATCA data (H15). We removed the first as it is not fully within our mosaic and we removed the second as it is likely spurious. One spurious detection out of 72 is consistent with the false detection threshold we set (1%), and still very reliable. Each of the remaining 70 sfind source components was then individually fit as both a point source and a Gaussian using MIRIAD task imfit. Seven complex multiplecomponent sources were identified via visual inspection (see Figure 4 ), and these cases were confirmed with inspection of deeper 1.4 GHz VLA data ) and 5.5 GHz ATCA data (H15). These sources have core-lobe or lobe-lobe radio AGN morphology and were confirmed as components of a single radio source or radio galaxy using optical/NIR of the field. Where necessary these sources were re-fitted as multiple Gaussians with imfit and the components are listed individually in the final catalogue. There are 55 individual radio sources, or radio galaxies, and 70 source components in the final catalogue.
Deconvolution
Following H12 and H15, we use the ratio of integrated flux density to the fitted peak Gaussian flux (see Equation 1 of H12) to determine if a source is resolved. Whether a source is successfully deconvolved depends on the S/N ratio of the source as well as the synthesised beam-size (or resolution of the image).
We show the total integrated flux density to peak flux density ratio from the imfit Gaussian fits as a function of the S/N in Figure 5 . Assuming that sources with S int /S peak < 1 are due to fitting uncertainties from noise, we can define an envelope above which sources can be considered resolved:
As in H12 and H15, we take a = 10 and b = 1.5 and this is shown as the upper line in (Figure 5 ). The lower line is just Equation 1 simply mirrored across S int /S peak = 1. It encompasses all the sources with S int /S peak < 1, so we find this line is a good representation of the deconvolution limit. We also require that S int /S peak > 1.035 so that bright sources must have a significant extension, greater than the fitting uncertainty, to be deconvolved. We find 28/70 (40%) components are resolved.
The Source Catalogue
The source catalogue is presented in Table 2 . Point source measurements are given for unresolved sources. For the remaining sources we provide the peak and integrated source flux density and deconvolved source sizes from the Gaussian fits. Internal fitting errors shown in Table 2 dominate for the majority of sources, which are low S/N, while absolute calibration errors dominate for high S/N sources. Column (1) -running source ID. A letter, such as 'a', 'b', etc., indicates a component of a multi-component source. Column (9) -Deconvolved major axis (arcsec). Zero indicates source is not resolved.
Column (10) -Deconvolved minor axis (arcsec). Zero indicates source is not resolved.
Column (11) -Deconvolved position angle (degrees), measured from north through east. Zero indicates source is not resolved.
Column(12) -Local noise level, rms, in µJy. 
Completeness and Flux Density Bias
For a simple S/N threshold source extractor, the completeness of the source catalogue as a function of flux density can be determined by the noise map variation. However, we used the MIRIAD task sfind which does not translate into a straightforward S/N threshold. As in H12 and H15, we performed Monte-Carlo simulations to determine the completeness of the source catalogue. The overall completeness level of the generated catalogue was determined by injecting sources over the full area of the mosaic and then extracting them with the same method that produced the catalogue, i.e. detection with sfind, measurement with imfit. Artificial sources were injected one at at time to avoid confusion effects, with input flux densities from 50 to 2500 µJy. In total 10,000 artificial sources were injected for reliable statistics. The completeness is the fraction of input artificial sources which are recovered and extracted by sfind, and this is shown as a function of flux density in Figure 6 . The completeness rises steeply from about 13% at 80 µJy to approximately 90% at 150 µJy. The 50% completeness level occurs at approximately 105 µJy. Faint sources that lie on a noise peak have increased flux densities and a higher probability of being detected than faint sources which lie on noise troughs. The average flux density for an ensemble of faint sources can therefore be increased due to noise, introducing a flux density bias. This effect is called 'flux boosting' and it is strongest in the faintest flux density bins. As in H12 and H15, the extent of flux boosting is estimated from the simulations, using the ratio of output to input flux density (Figure 6 ). In the faintest bins we find that flux densities are boosted by about 34% at 80 µJy and 19% at 100 µJy, on average. Flux boosting is negligible for sources with flux densities brighter than about 150 µJy.
Source Sizes and Resolution Bias
Faint extended sources may have peak flux densities that fall below the detection threshold, even though they may have large total flux densities. For source counts which are complete in terms of total flux density this so-called resolution bias must be determined. We follow the technique of H12 and H15 to estimate the resolution bias.
In Figure 7 we plot the angular sizes of the catalogued sources as a function of total flux density, where the angular size θ is defined as the geometric mean of the fitted Gaussian major and minor axes. Assuming a Gaussian beam, the maximum size (θ max ) a source of total flux density S tot can have before it drops below the detection limit can be approximated by
where σ det is the detection limit and b maj and b min are the synthesized beam major and minor axes (FWHM), respectively. Since the sfind detection limit varies across the image, we use the the pixels of the noise image to determine the relative weight of noise values ranging from 16.5 to 42.5 µJy, assume a detection limit of 5σ and calculate a noiseweighted θ max . This is shown as a dotted line in Figure 7 . There is one extended source on the line and none above it, indicating that this maximum size estimate works well. An estimate of the minimum angular size (θ min ) a source can have is then estimated from Equation 1:
Similar to θ max we calculate a noise-weighted θ min using the pixel distribution of the noise image. The resulting θ min as a function of total flux density is plotted in Figure 7 (solid line). The θ min constraint becomes important at low flux density levels, where θ max is smaller than a point source and therefore unphysical. Overplotted in Figure 7 (dashed lines) is the median angular size relation for a 1.4 GHz sample from Windhorst et al. (1990) :
where S 1.4GHz is in mJy. The 1.4 GHz flux densities were extrapolated to 9.0 GHz assuming a spectral index of 0, -0.5 and -0.8 between 1.4 and 9.0 GHz. At flux densities less than 0.5 mJy the radio sources are expected to have median sizes smaller than our beam, and this is consistent with our observations where we have only resolved a handful of sources at S 0.5 mJy.
The integral angular size distribution, h(θ), from Windhorst et al. (1990) is:
This allows us to estimate the fraction of sources larger than the maximum detectable size, and hence missed by the survey. If we take the overall angular size limit to be θ lim = max(θ max , θ min ) then the resolution bias correction factor is
This correction factor is plotted in Figure 7 . It has a maximum of about 1.7 at a flux density of 130 µJy, where the limiting overall angular size, θ lim , becomes dominated by θ min . The strong caveat to the resolution bias correction is that the integral angular size distribution at these flux densities and this frequency is not well known. Sources are likely to be systematically smaller at 9 GHz compared to 1.4 GHz due to the lower sensitivity to steep-spectrum extended lobes. We notice that the 9 GHz sources brighter than 4 mJy have a median size of 3.2 arcsec, which lies below the Windhorst et al. (1990) distribution assuming a spectral index of α = 0, but this result is from a small number of sources. We can not draw strong conclusions for flux densities fainter than ∼ 1 mJy but the point at which sources drop below our deconvolution limit is consistent with Windhorst et al. (1990) distribution. Resolution bias can be significant in ATCA 1.4 GHz observations (e.g. Huynh et al. 2005; Hales et al. 2014) and so it is likely to be even more important in the higher resolution 9 GHz observations. Another incompleteness comes from the lack of short baselines, which limits the maximum scale that a radio observation can reliably detect. With 6A and 6D ATCA configurations, our shortest baseline is 77m and there is reduced coverage for baselines shorter than 214m. We therefore start to be insensitive to extended structures 30 arcsec and lose all sensitivity to extended structures 90 arcsec. Only about one source in our survey area is expected to be greater than 30 arcsec in size, using the Windhorst et al. 1990 size distribution and radio source counts, and we don't expect a source larger than 90 arcsec in our small survey area.
SOURCE COUNTS
The differential radio source counts, normalised to a nonevolving Euclidean universe (dN/dS S 2.5 ), were constructed from our catalogue. Integrated flux densities were used for resolved sources and peak (or point source) flux densities for the remainder. The multiple components of a single radio galaxy were summed and counted as a single source. The counts are summarised in Table 3 where for each bin we report the flux density interval, mean flux density, the number of sources detected (N), the number of sources after completeness and resolution bias corrections have been applied (N C ), and the normalised differential source count (dN C /dS S 2.5 [Jy 1.5 sr −1 ]). We estimate the error in the counts with √ dN/dS S 2.5 , approximately Poissonian, but with uncertainties in the completeness, flux boosting and resolution bias corrections added in quadrature. The completeness and flux boosting correction are estimated to have uncertainties of 5 to 7% and 6 to 16%, respectively. The uncertainty in the resolution bias is less clear: the Windhorst et al. 1990 work has few sources with flux densities less than a mJy and was performed at 1.4 GHz. We therefore take the conservative estimate that the resolution bias correction has a large 50% uncertainty. Our source counts are shown in Figure 8 , along with previous deep surveys performed on VLA at 8. (Windhorst et al. 1993 , Fomalant et al. 2002 , Henkel and Partridge 2005 , or a single deep pointing (Heywood et al. 2013a) . Two large shallow mosaics, totalling more than a degree, were produced by Henkel and Partridge to cover the bright regime (S > 1 mJy). Our deep but wide ATCA mosaic provides the best statistics in the 0.1 to 1 mJy range. In comparing our source counts with VLA results we do not apply spectral index corrections, as these can be uncertain, but note that for a spectral index of α = −0.8 the flux density difference is only 5% between the VLA and our ATCA work (8.4 GHz vs 9.0 GHz).
Source counts from the semi-empirical sky simulation developed for the SKA (SKADS S3-SEX, Wilman et al. 2008 Wilman et al. , 2010 are shown in Figure 8 as SKADS total counts (black solid line), SKADS AGN counts (blue dashed line) and SKADS star forming galaxy counts (red dotted line). These counts were linearly interpolated between the simulation frequencies of 4.86 and 18 GHz to the ATCA frequency of 9 GHz. A more recent simulation is the Tiered Radio Extragalactic Continuum Simulation (T-RECS, Bonaldi et al. 2019) , which is similar to SKADS but motivated by the need for an update to SKADS given a decade of more radio observations and improvements in modelling. T-RECS is based upon the evolutionary model of flat and steep spectrum AGN radio sources by Massardi et al. (2010) (revised by Bonato et al. 2017 ) and includes a star forming population with radio emission modelled following Mancuso et al. (2015) ; Bonato et al. (2017) and Cai et al. (2013) . We use the medium simulation of T-RECs consisting of AGN and SF galaxies over 25 square degrees and show source counts from the simulation's 9.2 GHz flux densities in Figure 8 .
At bright flux densities (S > 1mJy) our source counts are consistent with Henkel and Partridge 2005. Although there are large uncertainties, the observed counts are in general well represented by the SKADS and T-RECS models, which show little difference for S 0.3 mJy. The observed counts for S 0.5 mJy appear to be greater than the simulations but the discrepancy is only about 0.3 to 0.5 dex, or roughly a factor of two, and generally within 1 sigma of the count uncertainty. The bump in the observed counts in the 0.37 to 0.5 mJy and 0.7 to 1 mJy bins is likely due to large scale structure and cosmic variance. We find that 4/10 and 2/5 of the sources in the 0.37 to 0.5 mJy and 700 to 1 mJy bins lie at redshifts associated with known large galaxy clusters in the eCDFS (see next Section 5.1 and discussion of redshifts).
At low flux densities (S 0.3 mJy) the observed counts show a spread. This is a well known issue for radio source counts at the lowest flux densities. Cosmic variance can cause considerable scatter due to the small size of the fields in deep surveys. Survey systematics introduced by calibration, deconvolution and source extraction algorithms, and corrections applied to the raw source counts also tend to be largest at the faint end, adding to the uncertainty. For example, the deep VLA surveys consist of a single, or several, individual primary-beam areas with non-uniform sensitivity, so these counts contain large corrections for primary beam gain. The resolution bias of our counts is greatest in our faintest bins. A clustering analysis of the SKADS simulations concluded that cosmic variance is the major cause of the difference in radio source counts from single/several pointing surveys at S 1.4GHz 0.1 mJy (Heywood et al. 2013b ), equivalent to S 9GHz 0.025 mJy. Nevertheless the faintest counts do follow the simulation of SKADS and T-RECS in general (solid black and grey lines), with the exception of the faintest bin from Heywood et al. 2013 .
The T-RECS simulation diverges from the SKADS count for S 0.1 mJy, and this appears to be due to the larger star forming population in the T-RECS simulation. We have detected only one star forming galaxy out of 55 galaxies in our 9 GHz sample (see Section 5.1), suggesting that our ATCA eCDFS survey does not yet probe the regime where star forming galaxies become significant. This is consistent with the SKADS simulations but the T-RECS simulation suggests ∼50% of the sources in our faintest two bins will be star forming galaxies, which appears to be an overprediction. Higher frequency surveys are biased to flatter spectrum sources, i.e. AGN, but this can not completely explain the low number of star forming galaxies in our observations. The difference may be due to how the star forming galaxies in T-RECS are modelled or because radio-quiet AGN, whose radio emission is not dominated by AGN, are not accounted for in the T-RECS simulation. However, our observations are not sensitive to typical local star forming spirals and we find this can account for most of the difference between our star forming galaxy numbers and those in the T-RECS simulation (see Section 5.1).
NATURE OF FAINT 9 GHZ RADIO POPULATION

Star Forming Galaxies vs Active Galactic Nuclei
We investigate whether the 9 GHz radio sources are dominated by star forming or active galactic nuclei processes.
In the eCDFS, VLA 1.4 GHz radio sources were identified with an optical/IR counterpart by Bonzini et al. (2013) . Bonzini et al. 2013 separate radio sources into radio loud AGN (RL AGN), radio quiet AGN, and star forming galaxies using the multi-band data of this well-studied field. Firstly, they identify radio loud AGN using a method based on the observed 24µm to 1.4 GHz flux density ratio q 24obs = log(S 24µm /S 1.4GHz ). Sources are classified as radio loud if they lie more than 2σ below the q 24obs ratio expected of a typical star forming galaxy SED (M82). Radio sources that lie above the q 24obs threshold were then classified by Bonzini et al. as radio quiet if they showed clear signs of AGN activity in X-Ray (XRay luminosity > 10 42 erg s −1 ) or MIR colour colour space (Donley et al. 2012 colour wedge) . The remaining sources were classified as star forming galaxies. These simple criteria do not account for composite AGN/SF sources or optically-selected Seyferts which have a q 24obs ratio expected of SF galaxies. In other words, this criteria may misclassify some radio-quiet AGN as SF galaxies, but we have very few SF galaxies in our sample. We find Bonzini et al. matches for 52/55 (95%) of the radio galaxies in our 9 GHz sample. We examined the three 9 GHz sources with no Bonzini et al. identification 
in detail:
ID 43 is a faint inverted spectrum source which is detected at 5.5 GHz and 9.5 GHz, but not detected in VLA 1.4 GHz imaging. It has a 5.5 GHz flux density of 92 ± 11 µJy (H15) and 9.0 GHz flux density of 144 ± 29µJy from this work, and hence a spectral index of α = 0.91 ± 0.47. It has a faint HST F606W band magnitude of 28.37 (Giavalisco et al. 2004 ). The photometric redshift for this galaxy has been determined by several teams to range from 2.30 to 2.531 (Wuyts et al. 2008; Bundy et al. 2009; Rafferty et al. 2011; Hsu et al. 2014) , which is consistent given differences in data and SED templates used. We take the photometric redshift of z = 2.4174 from Hsu et al. 2014 as it uses the latest multiwavelength catalogue from the CANDELS survey (Guo et al. 2013 ). This source also has a Chandra detection, and given z = 2.4174 its XRay (2 -10 keV) luminosity is 10 42.877 erg s −1 , so this source is an XRay AGN. If we extrapolate the radio SED then the 1.4 GHz flux density is expected to be ∼26 µJy, consistent with the non-detection in the VLA 1.4 GHz imaging (4σ limit of ∼30 µJy). Given no Spitzer MIPS 24 µm detection and a S 24obs limit of 30 µJy from Magnelli et al. (2009) then this source is expected to have q 24obs < 0.0. This ratio is borderline between radio-loud and radio-quiet (see Bonzini et al. 2013 Figure 2 ), however we class it as a radio-quiet AGN given it is so faint in the radio bands.
ID 45 is not detected in Spitzer IRAC or MIPS imaging. It has a very faint F140W detection in CANDELS HST imaging (Skelton et al. 2014) , with an AB magnitude of 24.47. This radio galaxy is bright and resolved at 1.4 GHz , with an integrated flux density of 1.38 ± 27 mJy (Miller et al. 2013) . It was also resolved at 5.5 GHz with a flux density of 424 ± 17.8 µJy (H15). The radio spectral index between 1.4 and 5.5 GHz is α = −0.86 ± 0.05. The source has an integrated flux density of about 191 µJy at 9 GHz and measured spectral index of α = −1.62 ± 0.47 between 5.5 and 9.0 GHz. Hence this radio source appears to have a steepening spectrum but the 9 GHz imaging is likely to be resolving out flux. The MIPS 24 µm limit is 30 µJy (Magnelli et al. 2009 ) so this source has q 24obs < 1.7, indicating it is a radio-loud AGN. Skelton et al. 2014 estimate the photometric redshift of this source to be z = 5.7755, and at that redshift the source would have an XRay (2 -10 keV) luminosity of 7.1 × 10 43 erg s −1 , consistent with an AGN (Luo et al. 2017 ). The IRAC 3.6 µm detection limit is approximately 0.15 µJy (3σ), so this source meets the Zinn et al. (2011) criteria for Infrared Faint Radio Source (IFRS), and is consistent with the paradigm that these sources are high redshift radio loud AGN. If the photometric redshift is correct, then this is highest redshift IFRS currently known (see Orenstein et al. 2019) .
ID 61 is the eastern lobe of a wide-angle-tailed radioloud galaxy detected by ATCA and VLA imaging at 1.4 GHz (Norris et al. 2006; Miller et al. 2013) , and ATCA imaging at 5.5 GHz (H15). Identification of the optical counterpart is made difficult by a bright star just 20 arcsec away to the south. However, a faint counterpart can be found in COMBO17 imaging with an R band AB magnitude of 25.3 (Wolf et al. 2004 ) and photometric redshift of z = 1.16 (68% lower and upper confidence levels of z = 0.88 and z = 1.32) (Rafferty et al. 2011) .
From our analysis of these three radio sources and Bonzini et al. 2013 classifications for the remainder, we find 50/55 (91%) of our 9 GHz sources are radio loud AGN, 4/55 (7%) are radio quiet AGN, and only one source (2%) is a star forming galaxy (see Table 4 ). This is very similar to the Whittam et al. (2015) sample of radio sources (10C, S 15.7GHz > 0.5 mJy), who found 90/96 (94%) are radio loud, 1/96 (1%) is definitely radio quiet, and a further 5/96 (5%) are borderline between radio loud and radio quiet.
Much deeper 9 GHz surveys are required to probe the star forming population significantly, and the high resolution of the 9 GHz imaging may be resolving out nearby star forming spirals. The brightness temperature sensitivity is given by:
where is ν the observing frequency, S ν is the integrated flux density, and Ω beam is the beam solid angle. The constants c and k are the speed of light and the Boltzmann constant, respectively. Taking the nominal 5σ limit of 100 µJy and image beam parameters of 4.0 and 1.3 arcsec, we find a 9 GHz brightness temperature limit of 0.29 K, or equivalently, a surface brightness limit of 0.017 mJy/arcsec 2 . This is the limit of bright face-on spirals such as NGC 253 (see Figure  2 of Condon et al. 1991) , hence our observations are only sensitive to the brightest local spirals and starbursts.
To estimate the number of missing star forming galaxies from our sample we use the VLA 1.4 GHz radio sources in the eCDFS from Bonzini et al. (2013) which are classified as star forming galaxies and predict their 9 GHz radio flux densities assuming a synchrotron spectral index (α = −0.7). We find 5 star forming galaxies with a predicted 9 GHz flux density greater than 89 microJy (our faintest detected source), and all are local, with 0.08 < z < 0.15. Only 1/5 of these were detected by our observations (ID 11). The nearest of the missing star forming galaxies has a relatively large predicted 9 GHz flux density of 240 µJy, but its peak flux density was just below the threshold for detection (i.e. it is bright but large and extended). The remaining 3 undetected 1.4 GHz star forming sources have predicted 9 GHz flux densities of 102 to 104 µJy. The star forming fraction in the faintest two bins would increase from 1/9 (11%) to 5/13 (38%) if these were detected by our observations. Thus local missing star forming galaxies can account for most of the discrepancy between our star forming galaxy counts and those from T-RECS.
Using the wealth of multiwavelength data available in the eCDFS, we were able to assign a reliable literature spectroscopic redshift to 41/55 (∼75% ) of the radio sources, and a photometric redshift to 13 of the 14 remaining sources. The radio source without a spectroscopic or photometric redshift is at the edge of the radio image and lies just west of the 30 × 30 arcmin eCDFS region with the best multiwavelength coverage. The redshifts and resulting radio luminosity of the radio sources are summarised in Table 4 . In Figure 9 we plot the observed redshift distribution of the 9 GHz radio sources. There is a peak in the observed distribution at z ∼ 0.6 -0.7, which corresponds to known galaxy overdensities at z 0.68 and z 0.73 (Gilli et al. 2003; Dehghan & Johnston-Hollitt 2014) . The redshift distribution for all AGN sources in the T-RECS simulation is over-plotted for comparison. The full T-RECS AGN model redshift distribution was normalised to our flux cut and area. The small numbers in each bin makes it difficult to draw definitive conclusions, but the broad shape of the model AGN redshift distribution is consistent with the observed distribution, taking into account the known large scale structure at z ∼ 0.7. In Figure 9 we also show the T-RECs redshift distribution for star forming galaxies, again normalised for our flux cut and area coverage, and find that there are a significant number of star forming galaxies in the lowest redshift bin of the simulation which are not in our observations. This is consistent with our analysis above that our observations are missing local star forming galaxies due to the brightness temperature limit. However, T-RECS also predicts a low number of star forming galaxies up to redshift z ∼ 2.5, on the level of 1 to 2 in each bin, which are not reflected in our observations. Figure 10 shows the 9 GHz monochromatic radio luminosity (in units of W Hz −1 ) versus redshift for the radio sources, for the radio-loud, radio quiet and SF classes. The dotted line in Figure 10 denotes the detection limit of our 9 GHz survey using the approximate 5 σ limit of 100 µJy. As expected the one star forming galaxy is at low redshift and is low radio luminosity (P 9GHz = 8.6 × 10 21 W Hz −1 . The 1.4 GHz luminosity of this source (using the VLA detection) is P 1.4GHz = 3.7 × 10 22 W Hz −1 , which corresponds to a star formation rate of ∼ 23 M yr −1 using the calibration of Kennicutt & Evans (2012) , so this is only a moderate starburst. The radio quiet AGN are detected across a wide redshift range, and tend to be at the lower end of radio luminosities for their particular redshift bin. Radio loud AGN are found across the full radio luminosity range.
Radio Spectral Energy Distributions
The existing radio observations of the eCDFS allows us to study the broadband radio spectral energy distributions of faint radio sources. The VLA observations reach 7.4 µJy/beam rms for a 2.8 × 1.6 arcsec beam at 1.4 GHz , and the ATCA observations achieve 8.6 µJy/beam rms, for a beam of 5.0 × 2.0 arcsec (H15). The radio spectral energy distributions (SED) and spectral indices of the 5.5 GHz-selected faint radio population in eCDFS were presented in our previous work (H15). The conclusion was that the deep 5.5 GHz observations are starting to probe the star forming population but a significant fraction (39%) of even the faintest sources show a flat or inverted radio spectral index, and several radio sources showed deviation from a log-linear fit in their radio SED consistent with steepening or a gigahertz-peaked spectrum.
To study the spectral index of the 9 GHz selected sample we matched the 9 GHz sources to the Miller et al. 2013 VLA 1.4 GHz survey of the eCDFS and the 5.5 GHz survey from our earlier ATCA work (H15). Multiple component sources were combined so that the the total flux densities were used in calculating the spectral index. The resulting spectral indices are collated in Table 5 . We examined the sources with the steepest spectral indices between 5.5 and Figure 9 . The redshift distribution of our 9 GHz radio sample. For comparison the redshift distributions for AGN and SF galaxies in the T-RECS simulation, given our flux density cut and survey area, are shown as red-dotted and blue-dashed lines, respectively. Figure 10 . Radio luminosity as a function of redshift for the 9 GHz radio sources. Radio-loud AGN are shown as small black circles, radio-quiet AGN are marked by larger red circles, and the one star forming galaxy is marked by the blue square. The dotted line is the approximate detection limit of the survey.
9.0 GHz (α < −1.0) which have a more canonical spectral index at 1.4 to 5.5 GHz (α closer to the synchrotron value of −0.7). We find ten of these sources are extended at 1.4 and/or 5.5 GHz, but are point-like or have missing components at 9 GHz, suggesting they are missing some 9 GHz flux density or have non-detected lobes due to the higher resolution and lower sensitivity of the 9 GHz imaging. Removing these ten sources with spuriously steep spectra results in a spectral index α 9.0 5.5 distribution that is almost bimodal: the distribution shows a population with a canonical synchrotron spectral index peaking at close to −0.7 and a second population of flat and inverted spectrum sources with α > −0.3 (Figure 11 ). We find 20/55 or 36% of the 9 GHz population are flat or inverted with α > −0.3. The fraction of flat spectrum sources in AGN models of the the T-RECS simulation (Bonaldi et al. 2019) , after applying a flux density cut of 50 µJy at 5.0 GHz and 100 µJy at 9.2 GHz to reproduce the survey selection criteria, is ∼17% suggesting that their model is missing a significant number of flat spectrum AGN at 9 GHz.
The spectral index distribution for flat and steep spectrum AGN sources in the T-RECS simulation with our selection criteria (S 5GHz < 50µJy and S 9.2GHz < 100µJy) is shown in Figure 11 for comparison, re-normalised to the peak of our observed distribution. The steep AGN component appears to be reflected in our observed spectral index distribution, however the model flat spectrum component has a peak at about α = −0.5. The observed inverted spectrum sources (α > 0) appear to be missing from the simulations and seem to be not well-handled by the radio population models of T-RECS.
The observed fraction of flat spectrum sources is similar to the results from H15 for the 5.5 GHz selected GHz sources in eCDFS. That work used the 1.4 to 5.5 GHz spectral index, whereas this result is from the 5.5 to 9.0 GHz spectral index, showing that in almost all cases the flat or inverted 5.5 GHz selected sources have continued to be flat or inverted at 9.0 GHz. This is confirmed in the plot of 1.4 to 5.5 GHz alpha vs 5.5 to 9.0 GHz alpha (Figure 12 ). Nearly all 9 GHz sources do not show a significant change from 1.4 to 9.0 GHz in their spectral index (Figure 12 ). We note however the uncertainty in the 5.5 to 9.0 GHz alpha can be large, due to the lower S/N of the sources in the 9.0 GHz images. Hence, more sensitive 9 GHz imaging would allow a better determination of whether there is significant change in the broadband radio SED in this frequency regime. Figure 12 shows one outlier 9 GHz source, ID 59, which has a 1.4 to 5.5 GHz spectral index of −0.37 but inverted between 5.5 and 9 GHz with spectral index of 1.51 at higher frequencies. This source appears to have an "upturned steep" radio SED (Harvey et al. 2018 ) which indicates that the high frequency observations may be detecting restarting radio jets while the lower frequency 1.4 GHz VLA observations are detecting the older lobes. This radio source is unresolved in the 1.4 GHz VLA imaging and 5.5 GHz ATCA imaging, and slightly extended in the 9 GHz imaging, so this may be a possibility. However, higher resolution imaging at 9 GHz combined with deeper 1.4 GHz imaging to pick up low surface brightness extended lobes would be needed to confirm this.
Source ID 43 is a faint inverted spectrum source which was not detected in VLA imaging, down to 7.5 µJy rms at 1.4 GHz, and is classified as a radio-quiet AGN. This implies that radio-quiet AGN may be more numerous than expected, even at these faint flux density levels. This inverted radioquiet AGN is the radio-faint analogue to radio-loud high frequency peakers (HFPs), which are thought to be small and very young ( 100 years old) radio sources (Dallacasa 2003) . Next generation sky surveys such as Evolutionary Map of the Universe (EMU) on ASKAP (Norris et al. 2011) and VLASS are expected to reach 10 and 70 µJy rms at 1.4 and 3.0 GHz, respectively, but faint inverted radio quiet AGN such as ID 43 will be completely missed by these surveys.
Lastly, we note that time variability of radio sources can affect the measured spectral index but the 5.5 and 9.0 GHz ATCA data were obtained simultaneously so variability is not a factor in the measurements of the 5.5 to 9.0 GHz spectral indices. 
SUMMARY AND CONCLUSIONS
We have presented Australia Telescope Compact Array 9.0 observations at 9.0 GHz of the extended Chandra Deep Field South. The resulting image of 0.276 square degrees reaches a sensitivity of ∼ 21 µJy per beam rms, for a synthesised beam of 4.0 × 1.3 arcsec. This mosaic is the largest ever made at 9 GHz to these depths, and, importantly, the noise variation over the image is only about 20%. We catalogued 55 individual radio sources and find 7 of these are multiplecomponent radio sources.
We calculated source counts at 9.0 GHz after careful corrections for completeness, flux boosting and resolution bias. These are amongst the deepest source counts in the 9 GHz band but come from an area much larger than previous VLA work, which consisted of one or two deep pointings. This work provides the best statistics for 0.1 < S 9GHz < 1 mJy. In general we find there is good agreement between the observed counts and the semi-empirical simulations of Wilman et al. 2008 (SKADS) and Bonaldi et al. 2019 (T-RECS) . The T-RECS simulations predict about 50% of the faintest sources in our sample would be star forming galaxies but we have detected only one star forming galaxy with our radio observations. Our observations do not have the surface brightness sensitivity to detect typical local star forming spirals, and they can account for this discrepancy.
Using the wealth of multiwavelength data available in the eCDFS, we were able to classify the radio sources as AGN or star forming and assign redshifts. Radio sources in eCDFS have been classified as radio-loud, radio-quiet or star forming by Bonzini et al. (2013) , using MIR 24µm-radio flux density ratio, X-Ray luminosity and MIR (IRAC) colourcolour diagnostics. We applied this classification to 52/55 of the 9 GHz sources and examined the remaining three in the literature. We find 50/55 (91%) of the 9 GHz sources are radio loud AGN, 4/55 (7%) are radio quiet AGN, and only one source (2%) is a star forming galaxy. Therefore, surveys even deeper than 100 µJy, or with better surface brightness sensitivity, are required to probe the star forming population significantly at 9 GHz. Spectroscopic redshifts were available for 41 (75%) of radio sources and 13 of the remaining 14 sources had a photometric redshift estimate. The observed redshift distribution shows a spike at z ∼ 0.7 consistent with a well-known galaxy overdensity, and has an overall shape consistent with the T-RECS (Bonaldi et al. 2019 ) AGN model redshift distribution, but a larger sample size is required to draw definitive conclusions on the redshift distribution.
Radio sources were matched to literature VLA 1.4 GHz data ) and our ATCA observations at 5.5 GHz (H15). Nearly all 9 GHz sources do not show a significant change from 1.4 to 9.0 GHz in their spectral index (i.e. no significant curvature between 1.4 to 9.0 GHz). We find 20/55 or 36% of the faint 9 GHz population are flat or inverted with α > −0.3. This fraction is greater than that seen in the AGN models of the T-RECS simulations suggesting the radio population models are missing faint (or low luminosity) flat and inverted spectrum sources at 9 GHz. One inverted spectrum source, ID 43, is a radio quiet AGN which is too faint to be detected in deep VLA imaging. This type of radio source, with estimated space density of ∼4 per square degree, would be missed in new all-sky surveys such as EMU and VLASS.
New deep and wide radio surveys at high frequencies ( 10 GHz) are expected over the next few years. ATCA is currently undertaking observations for a Legacy Project called the GAMA Legacy ATCA Southern Survey (GLASS, Huynh et al. in preparation) . The GLASS legacy survey aims to cover the 50 square degrees of the GAMA G23 field (Driver et al. 2009; Baldry et al. 2010 ) at 5.5 and 9.5 GHz to 30 and 50 µJy rms, respectively, with 3000 hours of observations over 3 years. GLASS is expected to detect about 13,000 and 8,000 sources at 5.5 and 9.5 GHz, respectively, providing definitive source counts and a large sample for understanding the flat or inverted spectrum sources not detected at lower frequency (e.g. EMU and VLASS). There is also an ATCA project to image the eCDFS at 8.5 GHz to ∼ 7 µJy (project ID C3171, Galvin et al. in preparation). These deep observations are expected to detect about 10 starbursts to z ∼ 1. The main goal of this project is to trace star formation to moderate redshift using 8.5 GHz, where the radio continuum starts to have a significant contribution from thermal radio emission. This may be a better tracer of instantaneous star formation rate than synchrotron emission at 1.4 GHz. These new high frequency radio surveys will provide further valuable insights into radio AGN and star forming populations, their evolution, and constraints for future radio population modelling.
